Introduction
Silicon dioxide (SiO 2 or silica) has many forms including three main crystalline varieties: quartz, tridymite, and cristobalite.
1, 2
Silica can also exist in non-crystalline form as silica glass or vitreous silica, 1 also referred to as amorphous silica and glassy silica. There are four basic types of commercial silica glasses: 3, 4 (1) Type I is obtained by electric melting of natural quartz crystal in vacuum or in an inert gas at low pressure, (2) Type II is produced from quartz crystal powder by flame fusion, (3) Type III is synthetic and produced by hydrolyzation of SiCl 4 when sprayed into an oxygen-hydrogen flame, and (4) Type IV is also synthetic and produced from SiCl 4 in a water vapor-free plasma flame.
Each type of silica glasses has its own impurity level and optical properties. For example, Type I silica glasses tend to contain metallic impurities.
3, 4
On the other hand, Types III and IV are much purer than Type I and feature greater ultraviolet transmission.
However, Type III silica glasses have, in general, higher water content, and infrared (IR) transmission is limited by strong water absorption peaks at wavelengths around 2.2 and 2.7 µm. [3] [4] [5] Type IV is similar to Type III but contains less water and thus has better IR transmission. Suppliers provide various product grades for different optical applications. term "fused quartz" is usually used for Type I and "fused silica" is used for synthetic fused silica, i.e., Types III or IV. In practice, however, those terms are often used interchangeably.
Because of its favorable physical, chemical, and optical characteristics, silica glass has been used in numerous applications: (1) as laboratory glassware, (2) in optics, as lenses or beam splitters, (3) for lighting and infrared heating, (4) in telecommunication, as fiber optics, (5) in micro and optoelectronics, as dielectric insulator, waveguide, photonic crystal fibers, or projection masks for photolithography, and (6) in thermal protection systems, as fibrous thermal insulation. In all these applications, optical properties are essential in predicting and optimizing the optical and thermal radiation performances of this material. Silica fiber optics, for example, are used in the near infrared around 1.31 and 1.55 µm due to their low optical attenuation and optical dispersion. 7, 8 In lens design, one often needs to fit and interpolate refractive index data which are reported or measured at discrete wavelengths over a certain spectral regions.
9, 10
On the other hand, astronomers and atmospheric scientists are interested in optical properties of interstellar and atmospheric silica particles in the mid-and far-infrared region of the spectrum.
11-13
The complex refractive index, m λ , of silica glass at wavelength λ is defined as,
where n λ is the refractive index and k λ is the absorption index. The wavelength λ is related to other quantities such as frequency ν and wavenumber η according to,
where c λ is the speed of light at wavelength λ in vacuum. Therefore, the refractive and absorption indices can also be expressed as functions of frequency and denoted by n ν and k ν , or as functions of wavenumber and denoted by n η and k η .
The experimental data for the refractive and absorption indices vary in precision depending on the measurement techniques used and on the approximations made in retrieving the intrinsic optical properties. One should also keep in mind that these optical properties may be sensitive to the presence of impurities, crystallinity, point defects, inclusions, bubbles, wavelength, temperature, and the glass manufacturing process. In addition, when considering the literature it is often difficult to choose the set of experimental data or formula to use and to assess their validity. The objectives of this paper are (1) to critically review and compare the experimental data reported in the literature for the complex refractive index of silica glass and (2) to develop formulas that provide a comprehensive approximation of the measured data near room temperature. Given the wide range of engineering and scientific applications, the spectral range from 30 nm to 1,000 µm is considered. and the refractive index n λ can be estimated by,
where φ is an apex angle of the prism sample and n air is the refractive index of air (n air = 1). This method is often used to accurately measure the refractive index of highly transparent glass for which the absorption index k λ , i.e., the imaginary part of the complex refractive index, is negligibly small.
Alternatively, the interferometric method is also used to measure n λ . It is based on observing the interference fringes created when light is incident normally upon a silica glass plate.
15, 16
Other techniques include the Abbe's or the Pulfrich's refractometers whose accuracy on the index of refraction is within ±2×10 −3 and ±5×10 −5 , respectively.
17
Moreover, when absorption cannot be ignored, both n λ and k λ can be retrieved from the directional or hemispherical reflectance and/or emittance of a slab of known thickness. Electromagnetic wave theory can be used to retrieve both n λ and k λ assuming 6 optically smooth surfaces and accounting for internal reflection.
18
Finally, the Kramer-Krönig relations 18 can also be used to predict either the refractive index from the absorption index, or vice-versa at frequency ν: 18, 19 
where P denotes the Cauchy principle value of the integral.
Alternatively, the refractive and absorption indices can be simultaneously obtained from reflectance. First, the phase angle of the complex reflection coefficient Θ, at frequency ν 0 can be expressed by the Kramer-Krönig relations,
where R(ν) is the normal-normal reflectivity expressed as a function of ν
The Fresnel reflection coefficient r is defined as,
From Equations (7) and (8), the refractive and absorption indices can be expressed as,
However, due to the infinite bound of the integrals in Equations (4) to (6), these techniques require extrapolations into spectral regions where data is not always available.
Furthermore, the integrals need to be computed numerically. Practical limitations and possible errors of Kramers-Krönig relations have been discussed by Riu and Lapaz.
19
These authors concluded that the Kramers-Krönig relations were practically applicable in almost every experimental situation.
2.B. Absorption Index, k λ
The value of the absorption index k λ was not always directly available from the literature and was sometimes recovered from the normal spectral transmittance or emittance data. Indeed, the value of k λ can be recovered from the normal spectral transmittance T 0,λ , accounting for multiple reflections and expressed as,
where L is the thickness of the sample, ρ λ , and κ λ are the spectral reflectivity of the interface and the spectral absorption coefficient of silica glass, respectively, and are given by
and
Equations (11) to (13) can be solved as a quadratic in the exponential factor in terms of k λ . After some algebraic manipulation, one obtains the following expression for k λ as a function of the refractive index, n λ , the sample thickness, L, and the spectral normal transmittance, T 0,λ ,
Alternatively, the absorption index, k λ , can also be determined from measurements of the spectral normal emittance, λ,0 , by using the following expression,
Note that the above expressions for the absorption index k λ given by Equations (14) and (15) are valid if both (n λ − 1) and (n λ + 1) are much larger than k λ . In either case, an expression for n λ is necessary to estimate ρ λ . As discussed later in this paper, In addition, in the ultraviolet (UV) and infrared (IR) regions of the spectrum when silica glass is strongly absorbing, most reported value of n λ and k λ were retrieved from near-normal reflectance measurements in combination with the Kramer-Krönig relations.
3. Experimental Data and Discussion Table 1 summarizes representative references reporting experimental values of the complex refractive index of silica glass at room temperature for the spectral range from 30 nm and 1000 µm. For each study, the measurement method, the spectral range, as well as the sample thicknesses, compositions, and temperatures investigated are also reported when available. In addition, the absorption index k λ was derived from transmittance measurements using Equation (14) if it was not directly reported.
Then, computation from transmittance and emittance data sometimes lead to negative values, particularly in the spectral region from 0.2 to 4.0 µm where silica glass is very weakly absorbing. This was the case for transmittance data from references 25 and.
26
Hence, in this region, the experimental data should be used with care since the uncertainty for k λ is very large and k λ effectively vanishes. Furthermore, trends and the locations of extrema in the measured absorption index are consistent from one study to another. However, discrepancies larger than those for n λ can be observed in reported data for k λ in some parts of the spectrum. They are most likely due to (i) the impurity of the sample (e.g., OH group, alkali, metallic content), (ii) the presence of inclusions, bubbles, or point defects, (iii) the sample preparation and surface optical quality, and/or (iv) the uncertainty in the measurement and retrieval techniques. Note that the flatness of the sample surface becomes a critical parameter in the visible and UV.
31, 32
In this wavelength range, the surface roughness must remain much smaller than the wavelength to avoid surface scattering and consider the surface as optically smooth.
The imaginary part of the complex refractive index of silica glass k λ is small from the near UV to the near-infrared part of the spectrum. Practically, silica glass is This results in sharp UV cut-off (also called absorption edge) around 160 nm.
17, 34
The location of the absorption edge depends on the glass composition, impurity level, and point defects formed during the manufacturing process 17, 33 as well as on temperature.
35
For example, it is shifted towards the visible wavelengths due to the presence of impurities in particular ions Fe
3+
, Cr
, and Ti
.
36
Similar effects are observed when increasing the alkali contents 34 or the temperature.
35
On the contrary, the absorption edge is slightly shifted to lower wavelengths for crystal quartz.
34
Shifting the absorption edge to lower wavelengths (even slightly) has been the subject of intense studies to enable the use of silica glass for photomask material in 157-nm photolitography using F 2 excimer lasers.
32, 37, 38
Acceptable transmittance around 157 nm has been achieved by minimizing the OH content of silica 37 or by doping silica glass with network modifiers such as fluorine which relaxes the glass structure and eliminates strained Si-O-Si bonds.
33
Experimental measurements and theoretical calculations of the electronic structure of SiO 2 has been reviewed by Griscom 39 and spectroscopic data for wavelengths between 90 and 350 nm have been discussed by Sigel.
34
Interaction between UV radiation and electrons and point defects is also responsible for the steep increase of n λ for wavelengths less than 300 nm.
In the infrared part of the spectrum, silica glass is effectively opaque for wavelength larger than 3.5-4.0 µm. Beyond this wavelength, three major absorption bands can be observed (Figure 1 ) due to resonance of Si-O-Si vibrations. The absorption peak between 9.0 and 9.5 µm can be attributed to the asymmetric stretching vibration of Si-O-Si bridge.
17, 24
The absorption band around 12.5 µm is due to symmetric vibration stretching of Si-O-Si bridge involving the displacement of the oxygen atom perpendicular to the Si-Si direction in the Si-O-Si plane. 
24
Resonance of Si-O-Si vibrations are also responsible for the sharp decreases in n λ around the resonance wavelengths.
17
The reader is referred to Ref.
24
(pp.63-77) for detailed discussion on vibrational spectroscopy of silica glass at the above wavelengths. Moreover, smaller absorption bands around wavelengths 2.73-2.85 µm, 3.5 µm, 4.3 µm correspond to the presence of OH groups in the structure of the glass.
17, 40-42
The magnitude of the absorption depends on the melting technology and in particular on the partial pressure of water vapor above the melt during the melting process.
17
The concentration of OH groups in silica glass can be computed from the absorption band around wavelength 2.73-2.85 µm.
To the best of our knowledge, no model or approximate equation have been pro-13 posed for the absorption index of silica glass. This is the subject of the next section.
Optical Constant Theory
The complex index of refraction, m λ = n λ + ik λ , and the complex relative dielectric permittivity, (λ) = (λ) + i (λ) are related by the expression (λ) = m 2 λ , i.e.,
Numerous physical models such as the Lorentz model, the Drude model, and the Debye relaxation model have been proposed to predict the optical properties of solids.
18
The Lorentz model assumes that electrons and ions in the material are harmonic oscillators subject to the force applied by a time-dependent electromagnetic fields. Then the complex relative dielectric permittivity can be expressed in terms of frequency ν as follows,
where ν pj and ν j are the plasma and resonance frequencies, respectively. The parameter γ j is the damping factor of the oscillators. Only when ν is very close to one of the resonance frequencies ν j , the imaginary terms in Equation (17) are important. is virtually equal to 0.0. Hence, after substituting Equation (2) into Equation (17) , can be expressed in terms of λ as follows,
14 where A j = ν pj λ j /c λ with λ j being the resonance wavelength. Moreover, as (λ)
vanishes, the medium is weakly absorbing and k λ is negligibly small compared with n λ . Then (λ) is equal to n 2 λ and given by the Sellmeier dispersion formula, confirmed the validity of Equation (20) for wavelengths up to 6.7 µm. Furthermore, for a spectral range over 8 µm, an approximate piecewise linear fit was given by Dombrovsky.
46
However, no physics-based formulas have been developed for the spectral range beyond 8 µm.
In parts of the spectrum where k λ cannot be neglected or when the frequency ν is very close to the resonance frequencies, the Sellmeier equation for n λ is no longer valid and an alternative model must be used. Recently, Meneses et al. 47 proposed a new 15 dielectric function model based on the causal version of the Voigt function. The model was validated by fitting the infrared spectra of two difference glasses and confirmed to be more appropriate than the Lorentz model.
47
Moreover, the authors proposed another simplified model based on Gaussian functions.
48
Then, the dielectric constant can be written as,
where the high frequency dielectric constant is denoted by ∞ . In addition, the Gaussian functions g cj (η) and g kkg cj (η) are defined as,
Here, α j is the amplitude, η 0j is the peak position, σ j is the full width at half maximum, and D(x) is an operator defined as,
In the present study, this model is used to interpolate the refractive index n λ and absorption index k λ for wavelengths λ between 7 and 50 µm. It enables one to describe the experimental data with a reduced set of parameters 48 over a wide spectral range, including the spectral range where k λ may be large. Note that the above simplified model satisfies the Kramers-Krönig relation.
The practical procedure for fitting complex refractive index data conducted in this paper is as follows: (i) the spectral reflectivity at normal incidence, R(η), is computed from Equation (7), (ii) parameters of (η) in Equations (21) to (22) are determined by curve fitting for R(η) expressed as,
and (iii) n η and k η are computed using Equation (16) . The advantage of this procedure is that (a) fitting the reflectivity is easier than fitting n λ and k λ independently, (b) both n λ and k λ can be derived from a single curve fitting, and (c) the result automatically satisfies the Kramers-Krönig relations.
The experimental data of Popova et al. 49 were selected to develop formulas for both n λ and k λ because these data cover a wide spectral range from 7 to 50 µm, and both the refractive and absorption indices are reported at the same wavelength enabling the calculation of R(η). In the spectral region from 0.2 to 7 µm, the absorption index of silica glass is very small and may be assumed to be zero for all practical purposes as suggested by Figure 1 . Moreover, reported data, including that of Popova et al., 49 indicates that the refractive index is satisfactorily predicted by the Sellmeier formula reported by Maliston 16, 23 between 0.2 and 7 µm and given by Equation (20) .
Therefore, the present study focuses on the spectral range between 7 and 50 µm.
In order to fit the model with experimental data, the FOCUS software was used.
47, 48
By adding terms in Equation (21) one by one, eight terms were found to best fit the experimental data. The fitting curves obtained in this study are shown in Figures   3 and 4 , and the associated parameters α j , η 0j , and σ j used in Equations (21) to (22) are summarized in Table 2 . The fitting curves for n λ and k λ obtained in the present study agree well with the data of Popova et al., 49 and with most of other data shown in Figures 3 and 4 . The differences (or residuals) between the data of Popova et al. 49 and the model predictions for both n λ and k λ using the parameters given in Table 2 are shown in Figure 6 . It indicates that the residuals are less than 0.06 except around 9 and 22.5 µm where they reach up to 0.3 around 9 µm and 0.14 around 22.5 µm. This can be attributed to the fact that the refractive index changes greatly in those wavelength region. However, these residuals errors are small compared with much larger differences observed in the experimental data reported for n λ . For example, one can see differences larger than 0.5 among reported refractive index data in the spectral range between 9 and 10 µm. Thus, the approximation obtained here is acceptable and can be useful in engineering applications.
Moreover, the residuals between the experimental data for the refractive and absorption indices listed in Table 1 and the model predictions using the parameters given in Table 2 are shown in Figure 7 . Here again, the residuals are less than 0.3 except around 9.0 and 22.5 µm. This indicates that the model predictions using the parameters given in Table 2 agree with all data reported in the literature at the spectral range except around 9 and 22.5 µm. However, large discrepancies in reported experimental data sets can be observed around these two wavelengths. In general, the model should be used with care when applied outside the spectral range from 0.2 to 50 µm of interest for most applications.
Finally, given its widespread use, particular attention was paid to the compilation of data reported by Philipp 
Conclusions
A thorough review of experimental data for the complex refractive index of silica glass at near room temperatures over a spectral range from 30 nm to 1000 µm implies that the values reported in the literature can vary significantly due to numerous sample features and experimental methods and conditions. Hence, it is essential to report the silica glass synthesis method, composition, impurity and defects level, sample thickness, surface roughness, and temperatures as well as the retrieval method and the underlying assumptions when one reports optical properties of glass. However, the general features of the complex refractive index spectra are relatively consistent throughout the region of the spectrum considered. Silica glass is effectively opaque for wavelengths shorter than 200 nm and larger than 3.5-4.0 µm. Strong absorption bands are observed (i) below 160 nm due to interaction with electrons, absorption by impurities, and the presence of OH groups and point defects, (ii) around 2.73-2.85 µm, 3.5 µm, and 4.3 µm also caused by OH groups, (ii) around 9-9.5 µm, 12.5
µm, and 21-23 µm due to Si-O-Si resonance modes of vibration. New formulas for both the real and imaginary parts of the complex refractive index are proposed over a wide spectral range between 7 and 50 µm thus, complementing the existing analytical formula for n λ in the range of 0.21 to 7 µm.
16, 23
The imaginary part of the complex refractive index can be neglected in much of this range (0.21 to 4 µm). The differences between various experimental data are comparable and greater than the differences between the results of these formulas and the experimental data used to develop them.
Hence it is believed that the formulas proposed are useful for practical engineering applications such as simulations and optimizations of optical and thermal systems.
The data collected and presented in this study are available in digital form online 55 or directly from the corresponding author upon request. Tables   1  Summary of the experimental data reporting the complex index of refraction of silica glass at room temperature (RT: room temperature). 33 2 Parameters used to interpolate the refractive index n λ and absorption index k λ of silica glass by using formulas (21) to (24) . These parameters were obtained by fitting the equations to data of Popova et al..
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